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Supernova 1987A
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Neutrinos provide a “window” into supernova physics

Accretion

! Neutronization : Cooling

* Exciting supernova physics 5 0
comes to us encoded in the 3
- 1
supernova v flux =
0.1

DUNE CDR

- Nucleosynthesis
- Collapse dynamics
- BSM processes
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Current main supernova neutrino detector types
K. Scholberg

Water Scintillator

+ some others (e.g. DM detectors)

All have a role to play in maximizing the physics potential of the next supernova observation

In this talk, however, I'll focus on argon, using water for contrast



Supernova-relevant neutrino interactions

K. Scholberg Electrons Protons Nuclei
Elastic scattering Inverse beta Ve+ (N,Z) e +(N—-1,Z+1)
i decay+ e+ (N,Z) = et +(N+1,Z—1)
v+e —sv4e | VetpP—e +n
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current L3, ., e Ny
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n <Y e possible
ejecta and
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scattering
Neutral | v-e o
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IBD (electron antineutrinos) dominates for current detectors




Supernova-relevant neutrino interactions

K. Scholberg Electrons Protons Nuclei
Elastic scattering Inverse beta ve+ (N,Z) - e +(N—-1,Z+1)
i decay+ Do+ (N,Z) = et + (N+1,Z - 1)
v+e —vde | Vetp—e +n
Charged Y
current £, . e Ny
e e I 4. | Various
n <Y €' | possible
ejecta and
_ deexcitation j
e Elastic v+ A s pyd A products
scattering
Neutral VAT s p
current NI &
Useful very low energy Coh V"t
L. il A — A oheren
for pointing e vt v elastic (CEVNS)

Nuclear target needed to isolate electron neutrino flux!




Supernova neutrinos and DUNE

One of DUNE’s primary
science goals Is to measure
“the v, flux from a core-

collapse supernova within our % gt e\
galaxy, should one occur ® ‘
during the lifetime of the DUNE
experiment” — DUNE CDR

Sanford Underground
Research Facility

Fermilab

Time distribution of supernova
neutrino events in DUNE

LArTPCs provide unique v, sensitivity

— Complementary to other SN 3 70k : | |
neutrino detectors @
o 60
« Other low-energy measurements may A 505
be possible (e.g., solar neutrinos) 3
401
e SN sensitivity is an important design E
consideration 30
o See talks by J. Raaf & I. Lepetic for 20F
more discussion of LArTPC technology 1o

102 10" 1
Time (seconds)



Supernova neutrino detection with
water Cherenkov detectors

e Pure water instrumented with
photomultipliers

e Primary reaction mode:
“inverse beta decay”

e Positron detected using Cherenkov
radiation

e Tag neutron to discriminate against
other reaction channels

— Loading water with Gd improves
efficiency

Reconstructing true antineutrino energy:

. Recoil energy
Outgoing Neutron proton of neutron

e* energy mass difference (negligible)

Ez) — Ee ‘|_A_|_ Krecoil

inverse beta decay



Supernova neutrino detection in liquid argon

Charged-current absorption:

Ve + OAr — 40yc* + e

At least 25 transitions
have been observed
indirectly 19K

o+

40
1Ar

Transition levels are determined by

observing de-excitations (y’s and nucleons)

Transitions to particle-unbound levels occur
with many competing de-excitation channels

Large uncertainties in nuclear data and
models complicate energy reconstruction

Reconstructing true neutrino energy:

QO is determined by measuring de-
excitation gammas and nucleons

Energy Recoil E
Outgoing  donated to ecoil energy
- " of Nucleus
e Energy transition

(negligible)

Eu — Ee + Q + Krecoil

39K 40K 39Ar
<«
A n
p
S
n Sp
I AN




How do oscillation experiments handle this problem?

Generators are an essential tool to help relate observed
event topologies to the neutrino energy

— Detailed simulations provide “fake data” used to
understand energy resolution, efficiencies, etc.

— Hard work to understand systematic errors

Experiment

e GENIE, GiBUU, NEUT, and NuWro typically used at
accelerator energies (100s of MeV and above)

e Standard physics treatment designed for these
energies: what differences might be important

at tens-of-MeV? - . éi —

C. Andreopoulos




Can we play the same game for supernova neutrinos?

e Trouble starts when we consider how the physical picture
changes for low energy neutrinos

e At high energies, neutrino-nucleus scattering is described
as a direct reaction: the neutrino scatters on a single
nucleon (or a pair of nucleons) inside the nucleus

“Traditional” factorization
scheme for generators at
accelerator energies

nuclear model | |primary interaction

| hadronization | | intranuclear
(cross section) |

hadron
transport



Can we play the same game for supernova neutrinos?

e At tens-of-MeV, on the other hand, compound reactions
are thought to dominate

— Kim & Cheoun, Phys. Lett. B 679, 330 (2009)

e These proceed via the formation of a thermally
equilibrated excited nucleus, which then decays

— For a ~10 MeV neutrino, even transitions to low-lying
nuclear levels become important!

« The compound nucleus idea goes back to Niels Bohr in the
1930s

“The first stage of [a nuclear] collision . . . consists in the
formation of an intermediate semi-stable system
composed of the original nucleus and the incident
particle. The excess energy . . . [is] temporarily stored in
some complicated motions of all the particles in the
compound system.”

“Its eventual disintegration must be considered as a
separate event, independent of the first stage of the
collision process.”




Have we seen evidence of compound reactions in
lepton-nucleus scattering data?
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e Yes, with electrons 'l | \
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Ni(e, @)e’X reaction >
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* Compound nucleus model c
. . ©
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33 MeV B
o
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* High-energy tail attributable
to direct reactions begins to
appear at 60 MeV 107
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A. G. Flowers et al., PRL 40, 709-712 (1978)



MARLEY: Model of Argon Reaction
Low-Energy Yields ok 3

Event generator for tens-of-
MeV neutrinos on 40Ar

Current version does CC 14,
(dominant channel)

 Framework allows adding
new reactions, target nuclei,
etc.

Model of Argon Reaction Low Energy Yields

« Widely used by DUNE for Discussed in detail
supernova neutrino

detection studies in my PhD thesis


https://search.proquest.com/docview/2194284425

MARLEY: Model of Argon Reaction
Low-Energy Yields

e Written in modern C++, mostly
from scratch

e ~10K lines of code

e Distributed independently at
www.marleygen.org

e Also part of LArSoft framework
used by many liquid argon
neutrino experiments

e Work underway to extend
approach to a 27| target
for COHERENT

(see D. Salvat’s talk) MARLEY command-line
executable running natively on

my Kindle Paperwhite



http://www.marleygen.org/

MARLEY event generation flowchart

Enter event loop

40Ar(1,, €7)¥%K* cross section model

Initialize generator

. ) . Re-enter L
Define reactions / matrix elements evzn?: I:)i)p Sarmo] 2 2t Scatt(té!‘
Load nuclear data N ample reac |ng4geu rino energy
Weight incident spectrum with cross section Sample "“K level

Sample electron direction

[ Event is ]

complete J
T the ground state? Is the current level ...

nucleon
unbound?
a bound
excited state?
\ 4
Sample new level Produce
using Hauser- Sam_ple new level de-excitation
Feshbach model using y tables J products

)

Nuclear de-excitation model



How can we calculate the loading of the
nuclear levels?

o+




Weak—nuclear interaction

Neutrino capture
Lepton capture

P’ P P P P _a
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k=p+q

v +A(Z,N)=> A (Z+1,N-1+e”
VvV +A(Z,N)=> A (Z-1,N+D)+e'

(i)O’Connell, Donelly & Walecka, PR6,719 (1972)
(ii) Kuramoto etal. NPA 512, 711 (1990)
(iii) Luyten etal. NP41,236 (1963)

(iv) Krmpotic etal. PRC71, 044319(2005).

—

A. Samana

Charged Current
Q=

Neutral Current

Q)=

ALL ARE EQUIVALENTS.



MARLEY *°Ar(1,, e€7)*°K* cross section model

e Under the allowed approximation, the differential cross section for a

particular nuclear level is given by

Fermi and Gamow-Teller nuclear matrix elements

do G.2 |V 2 electron energy 3 — Pecosf
— _F ‘ Ud‘ ‘pe’ E. F<Zf7 Ee) % |:<1+ Be cos 9e>B<F) i ( Z e> B(GT>]

dQ  4x? oo

coupling electron outor electron angular distributions

t correction
constants momentum factor 4
Integrated Gamow-Teller Strength for CC v, on *“Ar
18—
MARLEY uses tabulated o
B(F) and B(GT) values to 16— % st
compute cross sections e -
| 3
N e
. . — — !
Two-two scattering ﬁr?al 5 12 i “°Ti Decay Data from Bhattacharya,
states are sampled using = C | et al. (1998)
the differential cross o 0 o
. 2 ¢ i QRPA from Cheoun, et al. (2012)
section S 8 |
Q - ’ (p,n) Data from Bhattacharya,
— 40K* excited level T s _1,-.-.** et al. (2009)
— Electron kinematics 1ot N E MARLEY B(GT) based on “Ti data

. : S
De-exutgthn of the final - MARLEY B(GT) based on (p,n) data
nucleus is simulated next T Ea

10 20 30 40 50 60
“Kk* Excitation Energy (MeV)



MARLEY *%Ar(1,, e7)*°K* cross section model

Fermi matrix element comes from Gamow-Teller matrix element comes
time component of nuclear operator from spatial components
S, 7 ] ot 0] )
_ 2 . , [, o) 6)

B(F) SAY B(GT) = g4

2J, + 1 2J, + 1

Fermi transition is well-understood

Gamow-Teller less so...



Sources of B(GT) data for 4%Ar

PHYSICAL REVIEW C 80, 055501 (2009)

Weak-interaction strength from charge-exchange reactions versus 8 decay in the A = 40 isoquintet

M. Bhattacharya,'>" C. D. Goodman,? and A. Garcia®

1.5 — T T T T e Measurements using (p,n)

- (o.n) . scattering vs. 40Ti beta decay
1.0 - ’ - show significant disagreements
0.5 .

e Assumptions must be made to

00 | extract B(GT) values either way
I
' B-Decay _
0.5 | -+ o MARLEY chooses to remain
| . agnostic and provides 3 datasets
1.0 : N (A; B; C)
| |
1.5 P T I : T R
0 o 4 6 8 10 * Must be supplemented by theory

“K E, (MeV) at higher energies



How can we simulate the nuclear

de-excitations?
39K 40K 39Ar
A n
o]
A
Sn
Sp
I A IR I Y____




MARLEY de-excitation model: bound states

If the residual nucleusisin a
bound state, then tables of
discrete y-ray branching
ratios are used to
repeatedly sample
transitions down to the
ground state

These tables are largely
taken from a compilation
provided with version 1.6 of
the TALYS nuclear code

— Some updates have
been made to 4°K based
on the latest (2017)
ENSDF evaluation for
A =40

m E T
J;T (MeV) (nsec)
s B 0’;2

4.38

.65
209

Q (MeV)

5.885 b4 '
2.73
my3 1
522
- 1.96
: O 164 480
g 9 8
& 0.80
40 . °
1.K21
o2 AM=1.5 MeV
“ar,, R. Raghavan (1986)
(9964 %)

FIG. 1. Level scheme of “Ar-“K relevant to v, capture in
argon.



MARLEY de-excitation model: unbound states

e |f the residual nucleus is in an unbound state, an exit channel is sampled
using decay widths from the Hauser-Feshbach statistical model

— If excitation energy remains, another de-excitation step is taken
afterwards

— Only binary decays are taken into account by the model

39K 40K 39Ar

Hauser-Feshbach model

» Relies on the compound nucleus
assumption

e Partial decay widths depend on

— Initial level E, and J©

— Discrete levels A o

— Continuum level density

— Transmission coefficients P




Hauser-Feshbach Model

W. Hauser and H. Feshbach, Physical Review 87, 366 (1952)

e Commonly used for modeling low-energy nuclear cross sections

 Two key assumptions:
1. compound nucleus

2. reciprocity theorem (time-reversal invariance)

The fragment emission width

e Transmission coefficient T, ; = probability for of a compound nucleus

fragment to escape the nucleus

e Compound nucleus + time-reversal . o —
symmetry =T, ; via “reciprocity”
A—a+B
* Optical model is used to compute T, ; for

time-reversed process

e Numerical solution of Schréodinger equation . @
via Numerov’s method

is related to its formation cross section

a+B— A



Hauser-Feshbach Model

W. Hauser and H. Feshbach, Physical Review 87, 366 (1952)

e Commonly used for modeling low-energy nuclear cross sections

e Two key assumptions:
1. compound nucleus

2. reciprocity theorem (time-reversal invariance)

sum over possible
angular momenta

Hauser-Feshbach
partial decay width

transmission
final nuclear level density coefficient

1 / / /

- . 2/ ./ parity integral over possible
initial nuclear level density J conservation fragment energies
factor
. : Monte Carlo
Parity conservation implementation
/
1 II=nTI(—1) | D=
57T={ oIT(=1) PA — a+ B) = +
O otherwise

L'y



CC total cross section

Similar to existing
theoretical calculations,
some much more
detailed but not
data-driven

)

cross section (10~%% cm?

Appears to give
reasonable results
even above the ~50
MeV threshold where
forbidden terms
become significant

40 Ar(v,, e‘)mK total cross section

I

»=»x MARLEY dataset C
— GTBD

— RQRPA

- SM+RPA

— RPA

— PQRPA

— (QRPA

| | | | | 1

0
10 10 20 30 40 20 60 70 80 90

neutrino energy (MeV)

100



Exclusive cross sections
MARLEY v, CC cross sections (dataset B)

1()3 T T T T T T T T T
L
u

Similar treatment to that used in
arXiv:nucl-th/0311022 for 160

Xy means “any number of gammas”
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MARLEY branching ratios for two different source spectra

30000

Events

25000

20000

15000

10000

5000

Supernova cooling spectrum (Fermi-Dirac distribution with T = 3.5 MeV)

true v energy

perfect reconstruction
without neutrons

e kinetic energy + Qgsgs

IIII|IIIIIIIIIIIIIIIIIII|IIII

0 5 10 15 20 25 30 35 40 45 50

Eneray (Me)
40K* de-excitations

e ysonly: 82.3%

e singlen +~s: 12.7%
e singlep +~s: 3.3%

e other: 1.7%

Muon decay at rest v, spectrum

«» 30000
‘g true v energy
>
w perfect reconstruction without neutrons

25000 N~

e” kinetic energy + Qg s

20000—

15000 —

10000

5000—
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L
0 10 20 30 40 50

Eneray (Ve
40K* de-excitations

e ysonly: 60.7%

e single n + ~ys: 25.6%
e single p + 7ys: 8.3%

e other: 5.3%

Higher neutron emission in particular leads to big spectral distortions!



Example e™ + ~vs Only Event (true trajectories)

e £, =16.1 MeV
o depOSited 10.2 MeV e cheated space points
e vs deposited 4.3 MeV

e 40K deposited 3.7 keV

neutrons

-+ protons

<+ nuclei

e Total visible energy:
14.5 MeV

-+ positrons

e Visible energy sphere
radIUS: ¥ —— QX

48.4 cm




Example e™ + s Only Event (cheated reco)

eE  =16.1 MeV
e ¢ deposited 10.2 MeV

e cheated space points

® '75 depOSited 4.3 MeV . neutrons

40 . ¢ - protons
e "“K deposited 3.7 keV . ) o nudlel

-+ positrons
e Total visible energy:
14.5 MeV

e Visible energy sphere § <+ vertex

radius: .

48.4 cm




Example neutron event (true trajectories)

eE  =16.3 MeV * cheated space points
e ¢ deposited 4.5 MeV

e 39K deposited 68 keV . +';:tt;zzs

e n deposited 7.6 MeV + nuclei

-+ positrons

(mostly from capture
)
e Total visible energy:
12.2 MeV

e Visible energy sphere
radius:

1.44 m




Example neutron event (cheated reco)

eE  =16.3 MeV e cheated space points
e ¢ deposited 4.5 MeV

e 39K deposited 68 keV neutrons

e n deposited 7.6 MeV :::O;:.ns

(mostly from capture « positrons
vs)

e Total visible energy:

12.2 MeV

e Visible energy sphere
radius:

1.44 m




DUNE'’s use of MARLEY

* A variety of low-energy studies
for DUNE are underway using
MARLEY

* The examples shown here are
from D. Pershey’s May 2019
DUNE collaboration meeting talk

* Double peak in the bottom plot

- Right peak: e + y only

- Left peak: neutron emission!

hitT

Reconstructed hits from a MARLEY event
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Revisiting MARLEY’s cross section calculation

A multipole expansion allows one to write the full amplitude
to order 1/mn in terms of 4 nuclear matrix elements

NY(©) =i a2 + 1) (7 ZA: G(Rr) Y(E)

%) k= |q
JZ.>

NJu(©) = > it /Ar L+ 1) (Lo1M [T M) (I D jstem) [Yo @by, J (k) ¢

NA©) =i /Ax 2T 1) (Jf S i) Yo(#,) (B, - 0)

)

N(O) = D it AL+ 1) (L01 M| M) (J, | D sl [V, ® o) (k) 1

L

)

MARLEY simplifies this calculation (drastically)
by invoking the “allowed approximation”

‘PNi <My

Can we get an idea of what we lose by doing that?



Improving MARLEY: more detailed cross section model

 Recent work by the U. Ghent
group (arxiv 1903.07726) has
shown the importance of higher-
order multipoles to low-energy
neutrino cross sections

* Contributions become important
around ~40 MeV

e They’re working with me to
get their calculation into
MARLEY

- More strength to high-lying
states
- New channels (e.g., NC)

* Full impact of the physics
iImprovements on DUNE
observables remains to be seen

e Stay tuned!

UJ,total(10—4ocm2)

45 .
10 [ Total
_ J<0 -----

30 _ J<1

N J<2

20 _ J <3 -—--—

20 . CRPA calculation

15 _ —

10 _ —
5 |
O_ S I R
0 20 40 60 80 100

E (MeV)



Improving MARLEY: constraining the models

e COHERENT is pursuing a number
of useful cross section
measurements in this energy range

 Extending MARLEY to new targets
for which data are expected soon
(e.g., Pb, I) would provide sensitive
test of general approach

e 40Ar results also coming
- Some CC events expected

e Other indirect methods could also
be helpful
- J capture on 40Ar
- electron scattering




Improving MARLEY: constraining the models

* Decay-at-rest ve provide the most direct route to constraining MARLEY’s
cross section models

STS would be a great location for such a measurement

e Another site that has been investigated: near NuMI target hall @ Fermilab

Decay-at-rest near NuMI target hall

C. Grant and B. Littlejohn, arXiv:1510.08431

Opportunities With Decay-At-Rest Neutrinos From Decay-In-Flight Neutrino Beams

E vy =
- M o)
. - - Q.
Christopher Grant* - --V o 10°F
Physics Department, University of California, Davis, Davis, CA 95616, USA 2 K 9
10 E_ _Xe z 102 r
Bryce Littlejohn' = F --Ve =
Physics Department, Illinois Institute of Technology, Chicago, IL 60616, USA 8 - - 10
(Dated: November 6, 2015) ~ “E
o & A3
- ra nt Neutrino beam facilities, like spallation neutron facilities, produce copious quantities of neutrinos 9 102 = :
from the decay at rest of mesons and muons. The viability of decay-in-flight neutrino beams as sites . = 0 100 200
for decay-at-rest neutrino studies has been investigated by calculating expected low-energy neutrino > - He—me— T Neutrino Energy [MeV]
fluxes from the existing Fermilab NuMI beam facility. Decay-at-rest neutrino production in NuMI is Q — 1
found to be roughly equivalent per megawatt to that of spallation facilities, and is concentrated in the = 0
facility’s target hall and beam stop regions. Interaction rates in 5 and 60 ton liquid argon detectors at ’ 1
a variety of existing and hypothetical locations along the beamline are found to be comparable to the bt
largest existing decay-at-rest datasets for some channels. The physics implications and experimental :’
challenges of such a measurement are discussed, along with prospects for measurements at targeted >
facilities along a future Fermilab long-baseline neutrino beam. 1
T | Rl LN
7~ POWER SUPPLY ROOM 10-' HA
T i % - CHILLER ROOM 0 20 40 60 80 100
ry = Neutrino Energy [MeV]
g
g v p 74 T TORN 72
2 | ENERGY | ENERGY i ithi
D -» | Flux is within a factor two of SNS
.i T o — ;)
(P q 2 :\ . .
£ Termpr < il o1 within same detector stand-off
TARGET -~ “-HORN #1 .. HORN #2 DECAY PIPE - .
______________ Clow o distance. Backgrounds also need

20 80 40 ]
Distance from Upstream Face of Horn 1 [m] FLAN ViEW to be determined!



Could we do the measurement without a dedicated experiment?

e MicroBooNE has demonstrated
reconstruction of electrons in the
relevant energy range (from muon
decays)

* Using the NuMI flux estimate from
arXiv:1510.08431, here is the
predicted event rate

- Note the large theory uncertainty

e |Limited statistics

Predicted UDAR V. fiducial event rate
(truth) in MicroBooNE for

E, > 10 MeV
Model Fiduci(all ;\;e:;s_r; week
QRPA "
RQRPA 2.0
PQRPA 2.4
MARLEY vl.l.| dataset C 2.8
RPA 3.0
GTBD 34
“Hybrid” shell model + RPA 4.0

Calculations used a compilation of cross sections from
my PhD thesis, all but MARLEY courtesy of A. Samana

Reconstructed Michel Energy Spectrum

0.05

0.04

0.03

Fraction of Reconstructed Events

Monte Carlo Reconstructed Energy Spectrum
¢ Reconstructed Energy Spectrum from Data

MicroBooNE PRELIMINARY

A:.!..

0.02 } +
$e
0.01
B ¢
L]
o
’ H
0 00 H H ' - ] ¢ e e
0 10 20 30 40 50 60 70
Energy [MeV (preliminary calibration) ]
10Ar(v,, e )K total cross section
10%
C<I—\ 103
= F
o
-
o
N
= 10%F
kS F == MARLEY dataset C
E — GTBD
; — RQRPA
g 10" —— SM+RPA
v RPA
PQRPA
— QRPA

10[)

80
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40 50 60 70 80
neutrino energy (MeV)
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How do things look at the STS?

PRELIMINARY

Predicted UDAR V. event rate (truth) in

. A dedicated LAr detector at STS (20 m from target)

experiment @ STS E, > 10 MeV

could achieve far higher

statistics and a high Model Events / metric ton / day

impact for DUNE ORPA | 6
* Very low DIF RQRPA 32

contamination

PQRPA 3.7

* See k. Conley’s talk for MARLEY vl.I.1 dataset C 43

a discussion of how

cross section RPA 4.7

uncertainties become a

problem for DUNE GTBD >-2

sSupernova “Hybrid” shell model + RPA 6.1

measurements
Same cross sections as in MicroBooNE calculation

Ve flux from R. Rapp’s talk



Conclusion

Through its enhanced sensitivity to
Ve, a large liquid argon detector like
DUNE can provide a valuable
window into the complex physics
of supernovae

Despite this great potential,
modeling neutrino-argon scattering
at tens-of-MeV is complicated
- Cross section remains
completely unmeasured!

Just like oscillation measurements,
interpretation of SN ve data in 40Ar
will require the use of a generator

MARLEY represents a first step
In this direction, with more theory
engagement and constraining
measurements to come!

A second target station could
play a world-leading role in helping
us better understand ve-argon
cross sections needed for DUNE

40 K* -

OAr Z
Model of Argon Reaction Low Energy Yields



Backup



Example proton event (true trajectories)

«E,=17.8 MeV

e ¢ deposited 1.9 MeV
e v deposited 1.3 MeV

e cheated space points

neutrons

e 39Ar deposited 170 keV + protons

<+ nuclei

e p deposited 5.4 MeV « positrons

e Total visible energy:
8.7 MeV

Tcm

radius:
34 cm

N\
e Visible energy sphere /

vertex

e Protons leave a “stub”
on the electron track

e Big error on E, if you

miss them!



Example proton event (cheated reco)

eE =17.8 MeV
e ¢~ deposited 1.9 MeV
e ~v deposited 1.3 MeV

o 3Ar deposited 170 keV
e p deposited 5.4 MeV

e Total visible energy:
8.7 MeV

e Visible energy sphere
radius:

34 cm

e Protons leave a “stub”
on the electron track

* Big erroron E, if you
miss them!

e cheated space points

neutrons
- protons

-+ nuclei

-+ positrons

vertex




MARLEY *°Ar(1,, e7)*°K* cross section model

For low-energy CC scattering on a free nucleon, the amplitude may be written as

e Nf
. . GFVud
IM = = —3 73 Eun“

v, N,

nt = X;rvf aNf<pr> v Fy (Q2> + QmNUWCIV F2<Q2)
e 2 " s 2
— 7y G4 (Q >_m—7 Gp(Q7) |T_upn (PN.) XN
N



MARLEY *°Ar(1,, e7)*°K* cross section model

L et’s rewrite the nucleon matrix element in terms of a current
operator:
v

ono o
11 _<Nf JM

" <F1<Q2> 4P ta) o [q'a Fy(Q%) — G (@2 + L= Go(@?)

Exy +my+4° [2my m
0
a-g 2 2 q on| _Pn, T
— | —F. —G ——dG

(Py, ta) -0 5. PN O
0 Fl( ) - T_
Ly, +my+q Ey 4 my

(similar long expression for spatial components)



MARLEY *°Ar(1,, e7)*°K* cross section model

A sum over nucleons iIs used to evaluate the nuclear

operator
— A
€ zi1Y
. GpV,
M = — L udy K
v2
2 Ax
Exponential comes from
A switch to position space

Ne= (f|Rn) NEa Y etk j (k)
k=1



MARLEY transmission coefficient model

e Level densities are calculated using the BACKSHIFTEDFERMIGASMODEL with global fit
parameters from Koning, et al. (2008)

ﬁ[ 2J+1 ”exp<zm>]exp[_o+§>2]

24 | 2\/27 o3 al/4y>/4 202

e Gamma transmission coefficients use the STANDARDLORENTZIANMODEL and global giant
resonance fits from RIPL

pBFGM<Ex7 J,1I0) =

e Nuclear fragment transmission coefficients are calculated using the global optical
potential of Koning & Delaroche (KONINGDELAROCHEOPTICALMODEL)

A. J. Koning and J. P. Delaroche, Nuclear Physics A 713 3-4 (2003)

a2 v +1 2
( + )—I—kQ MZ[ ue/j/(’l“):O

UZVV+7’WV+ZWD+VSO+ZWSO+VC d7~2_ ,,,,2 _ﬁ

e Solve radial Schrodinger equation numerically in matching region

incoming outgoing
Coulomb S-matrix Coulomb
. wavefunction element wavefunction
1
limu/-/T:—[H_ICT—S/-/H+]€T]
im wyry0(r) = 2 [Hy (k1) = S, 50 H Y (R, )

e Match to asymptotic solution, extract transmission coefficient

Transmission coefficient

Tg/ L) = 1 — ’SE/ ./ ’2 represents the probability of
J J penetrating the nuclear surface



How does MARLEY create events?

e The user describes the incident spectrum, the reaction matrix elements,
etc. in a configuration file

e Based on the incident spectrum and the reaction cross section(s), MARLEY
creates a probability density function for sampling reacting neutrinos

Incident neutrino energies Reacting neutrino energies

C @ 30000
18000f— o B
— LLI B

16000{— 25000[—
100 Cros_s SQC'[IOI’] .

€ - weighting 20000
© 12000— C
o = C
w - ﬁ -

10000{— 15000{—
8000 E

6000 10000/—
4000 C

C 5000 —
2000|— -

O : Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I Il 1 : ‘ ‘ ‘ ‘ I
O 10 20 30 40 50 00 L L L L 10 1 1 20 1 Il Il Il 30 Il Il Il Il 40 Il Il Il Il 50 Il
Neutrino Energy (MeV) Energy (MeV)

e A rejection technique is used to sample a reacting neutrino energy.

e |f multiple reactions are defined, MARLEY selects one using the cross
sections as weights



Putting all of the pieces together gives us the following differential cross
section for a particular nuclear level.

do _ GF2 ‘Vud|2
dQ 42

b | Ee F(Z:, E.) X [ (1+ B, cos@,)B(F) + (3 — ﬁZCOS He) B(GT)]

Calculating the cross section is straightforward if we can figure out the
nuclear matrix elements B(F) and B(GT)

There are two relevant experiments in the literature. Both are indirect
measurements.

+

0 1000 . . — T
a0_. B _
Ti 800 E,=160 MeV
600 -
400 -
3 200 - -
o
< = 4000 |
+ c
0;T=2 3t 3 3000 .
2 © -
2000 - -
+ L
1
5 1000 -
39 i
4 et 0
0 O %sc 0 10

40
Ar
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Neutrino absorption efficiency of an WAr detector from the f3 decay of i
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Make 40-Ti via heavy ions

on a thin, heavy target (e.g.

Cr on Ni). Embed ions in 39
silicon detector.

K+n

0: T=2 ——

Use TOF and dE/dx to separate

40-Ti out from ion "soup"

Observe beta decay to 40-Sc
excited states, which decay via 0

iSSi 40 -
delayed proton emission Ar 4




probability density

O i N
= I N O < T T T R~ =

visible energy sphere radii

50

100

I

150

| | | | |

B primary neutron

El no primary neutron

200 250 300 350 400
radius (cm)

450

500



A “wish list” for a supernova neutrino detector

Detector requirement Purpose

Large mass (~ktons) Enough statistics

Low energy threshold (few MeV) Detection of the low E SN neutrino spectra

Distinguish different SN effects and neutrino

Sensitivity to different neutrino flavors oscillations

Good knowledge of low-E cross sections and

neutrino interactions (particle ID) g Cllisrent: (SR Een:

Accurate neutrino energy reconstruction SN features
Good timing resolution SN features
Good angular resolution SN direction
Separation from backgrounds |dentification of SN signal
Good trigger efficiency/DAQ Large data acquisition in a few seconds

l. Gil Botella

Challenging to do all of this with just one!



probability density

neutron capture distances
1 I I I I I I I I I

- all events

0 50 100 150 200 250 300 350 400 450 500 550 600
distance (cm)



1095¢c* levels were found using the proton energy

40Ti

11680 keV

39Ca* _I_ p
By 2471 keV

39Ca+p

589 keV
g X Y aaaa
=

L lab &89 keV P
b =B+ {3060 keV p(l)

e 21 pyand 7 p; decays were observed
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